Gelatinases, matrix metalloproteinase (MMP)-2, and MMP-9 are known for their importance in angiogenesis and tumor biology. The purpose of this study was to test the hypothesis that anecortave acetate (AA) decreases transgenic retinoblastoma (RB) tumor burden by modulating gelatinase activity. METHODS. To assess the possible gelatinase modulation after AA treatment, a single subconjunctival injection of AA (300 g) was delivered to the right eyes of 10-week-old LH BETA T AG mice. Eyes were evaluated for gelatinase expression and activity by gel and in situ zymography at 24 hours, 48 hours, and 1 week after treatment. RESULTS. Gel zymography of whole eye extracts and in situ zymography of retinal tumors showed strong gelatinase expression and activity within transgenic RB tumors. AA treatment in RB transgenic mice resulted in a significant decrease of gelatinase activity 1 week after AA treatment. Surprisingly, there was an initial transient upregulation of MMP-9 activity in whole eye extracts at 24 and 48 hours after AA treatment in both LH BETA T AG transgenic and wild-type mice. This increase was not observed in the tumors. CONCLUSIONS. As suggested by our data, inhibition of gelatinase activity appears to be a mechanism of action of AA. AA treatment results in a decrease in gelatinase activity that correlates with the significant decrease in tumor burden shown by the authors' previous studies. However, the significance of the initial, transient upregulation of gelatinase by AA injection is unknown, and further studies are warranted. Combining antiangiogenic agents with multiple mechanisms of action has the potential to enhance RB tumor control. (Invest Ophthalmol Vis Sci. 2010;51:2860 -2864) DOI:10.1167/iovs.09-4500 R etinoblastoma (RB) is the most common intraocular tumor of childhood.
R etinoblastoma (RB) is the most common intraocular tumor of childhood. 1 Although current treatments are effective, they lead to a number of local and systemic complications. [2] [3] [4] Recent research efforts have focused on developing adjunctive treatment modalities that concentrate on improving local tumor control and reducing the toxicity of systemic chemotherapy. Chemotherapy failures require either radiotherapy, with an increased risk for second cancers, 5, 6 or permanent removal of one or both eyes. 7 Even in successful cases, current chemotherapeutic regimens produce significant morbidity, including bone marrow suppression, resulting in unplanned hospitalization, transfusion, or both in up to 75% of patients. 8 Several treatment strategies are being investigated, including the use of vessel-targeting therapy and glycolytic inhibitors. Vessel-targeting therapy has been shown to be an effective treatment for reducing tumor burden in the LH BETA T AG mouse model of RB and is promising as future translational adjuvant therapy. 9 -12 Our recent studies using this mouse model of RB have shown that advanced tumors contain regions of hypoxia that can be selectively targeted using 2-deoxy-D-glucose, a glycolytic inhibitor. 13 The angiogenic capacity of RB tumors has been demonstrated, 14 -16 and it is correlated with invasive growth and metastasis. [17] [18] [19] We have shown that a single periocular injection of the antiangiogenic agent anecortave acetate (AA) significantly reduces tumor burden in the LH BETA T AG transgenic mouse model of RB. 9 LH BETA T AG transgenic mice develop bilateral, heritable retinal tumors with the histologic and clinical features of human RB. 20 AA is a cortisene, a steroid derivative that has been shown to inhibit blood vessel growth in a number of preclinical models of angiogenesis without typical glucocorticoid side effects such as intraocular pressure elevation, cataract, and anti-inflammatory activity. 21 However, the mechanism of action of AA is not fully understood. In this study, gel and in situ zymography techniques were used to asses whether gelatinase modulation may be a mechanism of tumor reduction in transgenic RB eyes treated with AA.
METHODS

Animal Model
The study protocol was approved by the University of Miami School of Medicine Animal Care and Use Review Board (Miami, FL). All experiments in this study were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Transgenic LH BETA T AG mice have been previously described to develop microscopic retinal tumors by age 4 weeks, small tumors by 8 weeks, medium tumors by 12 weeks, and large tumors that often fill the available globe space by16 weeks. 22 These mice produce heritable ocular tumors with histologic, ultrastructural, and immunohistochemical features identical with those of human retinoblastoma. laboratory showed a significant reduction in tumor burden in mice treated at this age. 9 Mice received a single subconjunctival injection of 300 g AA (Alcon Pharmaceuticals, Forth Worth, TX) or vehicle to the right eye in a 20-L volume (n ϭ 21). Injections were delivered with a 33-gauge needle inserted into the superotemporal subconjunctival space. Control groups for the different experiments included littermatched wild-type and LH BETA T AG transgenic mice (n ϭ 18); a control group positive for LH BETA T AG retinal tumors, which received a single subconjunctival injection of 300 g saline (n ϭ 6); a control group negative for LH BETA T AG retinal tumors, which received a single subconjunctival injection of 300 g saline (n ϭ 6); and the left untreated eyes of the treatment group (n ϭ 21). After euthanatization with CO 2 , eyes were enucleated for analysis at different time points (24 hours, 48 hours, and 1 week after treatment).
To localize the gelatinase activity to tumoral or extratumoral locations, periocular injections of AA were performed for in situ gelatinase studies in litter-matched wild-type and LH BETA T AG transgenic mice (n ϭ 6 per group). Eyes were enucleated and evaluated by in situ gelatinase assays.
SDS-PAGE Zymography
Quantitation of MMP-2 and MMP-9 expression and activity was performed using a modified standard zymography protocol from Invitrogen (Carlsbad, CA). After enucleation of the eyes, the crystalline lens, periocular tissue, and blood vessels were removed. Serial eye sections from 10-week-old LH BETA T AG mice were reviewed with confirmatory microscopic histopathology, documenting in this animal model that at the time evaluated in the study, tumor cells were not noted to the extent of the sclera. All dissections were performed with dissecting microscope to establish appropriate tissue planes for analysis. The cleaned globe was placed in an Eppendorf tube with PBS and centrifuged for 5 minutes at 4°C. The pellet was suspended in 80 L PBS cold lysis buffer (1% Triton X-100, 10 g/mL aprotinin, 10 g/mL leupeptin, 50 M PMSF, and 1.5 M benzamidine in PBS) and vortexed every 10 minutes for a total of 45 minutes, with the sample kept on ice. The homogenized sample was then centrifuged at Ϫ4°C for 30 minutes at 10,000 rpm. Samples were stored at Ϫ80°C until use.
Protein quantification was performed with an assay kit (BCA Protein Assay Kit; Pierce, Rockford, IL) according to the manufacturer's directions. For gel zymography, samples were normalized to contain equal amounts of protein (10 g/lane). Briefly, loading buffer (5% SDS; 0.4 M Tris, pH 6.8; 20% glycerol; and 0.03% bromophenol blue) and PBS were added to samples before loading onto 10% gelatin precast gels (Invitrogen, Carlsbad, CA). After separation of proteins, the gels were incubated in 2.5% Triton X-100 at room temperature for 1 hour while rocking. The gels were then incubated in low-sodium gelatinase buffer (10ϫ buffer: 5 M NaCl, 1 M Tris pH 8.0, 0.5 M CaCl 2 dihydrate, 30% Brij, pH adjusted to 7.5) at 37°C for 48 hours. The gel was incubated in staining solution (0.5% Coomassie G-250, 30% methanol, 10% acetic acid) at room temperature for 1.5 hours. It was destained in a solution containing 30% methanol and 10% acetic acid for 1 hour at room temperature. Digital images were acquired by scanning the zymography gels with a flatbed scanner. Image analysis was performed using Scion Image software (National Institutes of Health, Bethesda, MD; available at http://www.nist.gov/lispix/imlab/prelim/dnld.html) to quantify the relative densities of the bands. Mouse MMP-2 and MMP-9 zymography standards were used as positive controls, as described in other studies.
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In Situ Zymography
After enucleation, fresh, unfixed eyes (n ϭ 10) were embedded in optimal cutting temperature (OCT), flash frozen in liquid nitrogen, and serially sectioned (8 m). Sections were incubated with (FITC)-labeled DQ-gelatin (fluorescein isothiocyanate-labeled dye-quenched-gelatin; 40 mg/mL; Molecular Probes, Eugene, OR) in 1ϫ reaction buffer (Molecular Probes) for 2 hours at room temperature in a humidity chamber. DQ-gelatin is gelatin heavily labeled with FITC molecules, so its fluorescence is quenched. When DQ-gelatin is cleaved by gelatinolytic activity, fluorescent peptides are released that are visible against a weakly fluorescent background and that represent net proteolytic activity. 26 Sections were rinsed three times in PBS and mounted (Gel/ Mount; Biomeda Corp. Foster City, CA) reagent (Vectashield with DAPI; Vector Laboratories, Burlingame, CA) for fluorescence microscopy. To test the specificity of gelatinase activity 1 mM 1,10-phenatroline (PHEN; Sigma Aldrich, St. Louis, MO), a potent zinc chelator and a specific gelatinase inhibitor, was added simultaneously with DQgelatin to adjacent retinal sections. To detect background fluorescence, control sections were incubated with 1ϫ reaction buffer or PHEN in 1ϫ reaction buffer only.
Immunohistochemistry
Eyes were processed in sucrose (30%, 20%, and 10% for 30 minutes each), fixed with 4% paraformaldehyde (2 hours; 25°C), frozen in OCT (Ϫ80°C), and serially sectioned (8 m). Immunohistochemical analyses were performed on the samples to measure MMP-9 activity levels with rabbit anti-MMP-9 polyclonal antibody (1:500; Abbiotec, LLC, San Diego, CA). Alexa Fluor 546 goat-anti-rabbit was used as a secondary antibody (1:500; Invitrogen). Secondary antibody was used alone as a negative control for nonspecific binding. Cell nuclei were stained for 5 minutes with 4Ј,6Ј diamidino-2-phenylindole (DAPI, 1:5000; Invitrogen, Carlsbad, CA).
Scanning of Immunofluorescence and Image Processing
Serial cross-sections of the tumors were examined for gelatinase activity with an upright fluorescence microscope (BX51; Olympus American Inc., Melville, NY). Images were processed with image analysis software (Discovery; Image-Pro, Media Cybernetics, Bethesda, MD) at 100ϫ magnification using different filters for the DAPI and Alexa Fluor 488 signals. Measured parameters (e.g., immunostaining intensities) were evaluated as the average from at least five different adjacent sections per tumor per eye. Results from all the different sections were averaged. Areas of interest within the LH BETA T AG retinal tumors were selected blindly using DAPI staining. Only cells that had clearly labeled nuclei with DAPI were incorporated in the analyses.
Statistical Analysis
The relationship between AA-treated groups and nontreated or salinetreated control groups was assessed with repeated-measures analysis of variance and post hoc paired t-tests. Values were considered significant with P Յ 0.05.
RESULTS
In the present study we tested the hypothesis that the antiangiogenic drug AA inhibits the upregulation of gelatinases MMP-2 and MMP-9 in tumor-positive LH BETA T AG mice. MMP-2 is constitutively expressed, but there is almost no MMP-9 expression in wild-type mice. MMP-2 and MMP-9 levels are significantly increased in 10-week-old tumor-bearing LH BETA T AG mice compared with wild-type littermate controls (P ϭ 0.0063 and P Ͻ 0.001, respectively). A single subconjunctival injection of 300 g AA resulted in a significant decrease in MMP-2 levels at all time points after injection (P ϭ 0.045 at 24 hours; P ϭ 0.024 at 48 hours; P ϭ 0.031 at 1 week). AA injection also resulted in a significant decrease in MMP-9 levels at 1 week after (P Ͻ 0.001). AA injection resulted in a nonsignificant increase in MMP-9 levels at 24 and 48 hours after injection because of the variability (P ϭ 0.21 [mean, 349; 95% confidence interval (CI), 72-626] and P ϭ 0.11 [mean, 690; 95% CI, Ϫ107-1487], respectively). Although the 24-hour increase in MMP-9 was not statistically significant given the 95% CI provided, it suggested that MMP-9 was likely to increase. Interestingly, there was a decrease after injection in gelatinase expression and activity in the untreated fellow eyes (left eyes; P ϭ 0.58 [mean, 82.5; 95% CI, Ϫ12.7-178], P Ͻ 0.001, and P ϭ 0.025 at 24 hours, 48 hours, and 1 week for MMP-2 levels; P ϭ 0.011, P ϭ 0.0014, and P ϭ 0.0033 at 24 hours, 48 hours, and 1 week for MMP-9 levels, respectively; Fig. 1 ).
To determine whether the increase in MMP-9 expression and activity at 24 and 48 hours after AA injection in RB mice was caused by the injection, saline was used as a vehicle control. MMP-9 activity was higher in both wild-type and LH BETA T AG AA-treated groups (P ϭ 0.010 and P ϭ 0.057, respectively) compared with either nontreated controls (P ϭ 0.28 for wild-type and P ϭ 0.31 for LH BETA T AG ), or nontreated fellow eye (P ϭ 0.57 for wild-type and P ϭ 0.42 for LH BETA T AG ; Fig. 2 ).
To assess whether the increase in gelatinase activity occurred within the retinal tumors, in situ zymography was performed on frozen sections (Fig. 3) . Eye sections from LH BETA T AG and control mice were incubated with the gelatinase substrate, DQ-gelatin FITC conjugate. The substrate is gelatin heavily labeled with FITC molecules so its fluorescence is quenched. When DQ-gelatin FITC is cleaved by the gelatinolytic activity in the tissue, fluorescent peptides are released that are visible against a weakly fluorescent background. As shown in Figures 3A and 3B , retinal tumors in nontreated LH BETA T AG mice contained high levels of gelatinase activity. Tumor sections incubated with only the reaction buffer, without the fluorescent DQ-gelatin substrate, do not show gelatinolytic activity (data not shown). To test the specificity of the gelatinase activity in the tissue, we added a gelatinase inhibitor, PHEN, to the sections incubated with DQ-gelatin. Visible activity was reduced after treatment with PHEN; no fluorescent peptides were produced (Figs. 3C, 3D ). There was no specific gelatinase activity in wild-type untreated eyes (Figs. 3M-P) . In contrast to the early upregulation in gelatinase activity detected by gel zymography of whole eyes, tumor-specific gelatinase activity decreased at both 24 hours (Figs. 2E, 2F) , and 1 week after injection of AA (Figs. 2I, 2J ) compared with nontreated controls (Figs. 2A, 2B ). This result suggests that the increase in gelatinase activity after AA injection does not localize to the tumor. Retinal tumors in the LH BETA T AG mice show increases not only in gelatinolytic activity but also in MMP-9 expression, as shown by immunohistochemistry with a specific anti-MMP-9 antibody (Fig. 4) .
DISCUSSION
Gelatinases are critically involved in the pathogenesis of numerous tumors.
27,28 MMP-9, in particular, is linked to the progression of many tumors and is being evaluated as a biomarker for disease activity and as a potential therapeutic target. 29, 30 Gelatinases degrade the extracellular matrix (ECM), allowing the release of angiogenic factors and growth factors stored in the matrix. By degrading the ECM, gelatinases enable tumor cells and angiogenic endothelial cells to migrate, promoting tumor development, angiogenesis, and metastasis. 27 MMPs play a role in the complex and highly dynamic process of angiogenesis. An initial response to locally produced angiogenic factors is followed by a rapid upregulation of ECM proteases, such as gelatinases and urokinase plasminogen activator [uPa]), which facilitate the breakdown of the capillary basal lamina. Novel blood vessels sprout through these openings in the basal lamina by endothelial cell proliferation and migration. 27 In the present study, by using gel and in situ zymography as well as immunohistochemistry with specific anti-MMP-9 antibodies, we demonstrated that MMP-2 and, especially, MMP-9 are strongly u-regulated and that their activity is increased during tumorigenesis in LH BETA T AG retinal tumors compared with wild-type littermate controls. This upregulation localizes to the retinal tumors and is successfully abrogated 1 week after a single 300-g periocular injection of the antiangiogenic drug AA. In correlation with the current results, our laboratory previously demonstrated that a single periocular injection of the same dose of AA significantly reduced RB neovessels, and tumor burden 6 weeks after injection. 9 Penn and others 21, 27 showed that AA treatment in a mouse model of retinopathy of prematurity results in the increased expression of retinal plasminogen activator inhibitor 1 (PAI-1) and, therefore, the inhibition of uPA activity. Given that uPA led to the plasminogen-mediated conversion of pro-MMP to active MMP, the decreases in MMP-9 and MMP-2 activity observed in retinoblastomas in our transgenic mouse model 1 week after AA treatment were the consequence of inhibition of posttranslational modification and activation of gelatinases, induced by uPA, which is indirectly inhibited by AA. Moreover, a decrease in pro-MMP levels has been detected in AA-treated human umbilical endothelial cells, 31 suggesting that AA can also directly inhibit gelatinase transcription in LH BETA T AG mice. The modulation of tumor gelatinase activity by AA may play a significant role in tumor burden reduction and inhibition of angiogenesis.
In the present study, we have also shown that MMP-9 levels transiently increased at 24 and 48 hours after AA injection. This early, transient up-regulation of MMP activity after AA injection was an interesting finding. Gelatinase up-regulation was not localized to the tumor and was present in non-tumor-bearing wild-type controls. The upregulation of gelatinase activity might have taken place in the periocular tissues close to the injection site. Because MMPs are involved in wound healing, the increase in gelatinase activity might have been attributed to an increase in MMP-9 activity in response to the subconjunctival injection. Saline was used as a vehicle control to evaluate whether the transient upregulation of gelatinase resulted from the injection itself. Surprisingly, the injection of vehicle did not induce this upregulation of gelatinase activity. Because an equivalent gelatinase upregulation occurred in both wild-type and tumor-bearing eyes, the transient upregulation of gelatinase was likely not caused by tumor-elaborated gelatinases. It is possible that AA induces a transient recruitment of leukocytes, cells known to constitutively express high levels of MMP-9.
Furthermore, clinical application of targeted MMP therapy has not been shown to increase metastatic potential. We believe that a transient increase in MMP level may have the potential to increase local tumor growth and to enhance metastatic disease and should be viewed with some caution. However, earlier work with AA injections have demonstrated decreased RB tumor burden in animals with at least 6 weeks of follow-up after injection. Additionally, we did not detect an increase in tumor-specific gelatinase activity, and no tumor cells were invading the sclera of these eyes on microscopic evaluation. Further evaluation within this animal model may provide insight into the hypothetical risk of a transient increase in MMP-9 activity after AA injection. Nonetheless, we believe that alteration in MMP levels may have the potential to increase local tumor growth and to enhance distant metastatic disease.
As suggested by our data, inhibition of gelatinase expression and activity appears to be a mechanism of action of AA and may prove to be an effective adjuvant therapy for RB. AA has been shown to inhibit pathologic retinal angiogenesis while not significantly affecting physiologic retinal microvasculature. 21 LH BETA T AG retinal tumors present with a heterogeneous vasculature that may have some implications in the effect of AAtargeting therapy. 32 AA treatment, as well as radiotherapy and chemotherapy, have been shown in previous studies to cause cell death in the LH BETA T AG mouse tumor through apoptosis. 33 These antiangiogenic effects have already been reported to Retinal tumors in saline-treated eyes contained high levels of gelatinase activity. The activity was reduced after treatment with the gelatinase inhibitor PHEN. Tumor-specific gelatinase activity decreased at both 24 hours and 1 week after injection. inhibit a variety of intraocular tumor growth in animal models, including a murine melanoma model 30 and the LH BETA T AG transgenic RB model. 9 Combining antiangiogenic agents with multiple mechanisms of action could potentially enhance the effectiveness of tumor control.
